The random layer thickness variations can induce a great deformation of the experimental reflection of broadband extreme ultraviolet multilayer. In order to reduce this influence of random layer thickness fluctuations, the multiobjective genetic algorithm has been improved and used in the robust design of multilayer with a broad angular bandpass. The robust multilayer with a lower sensitivity to random thickness errors have been obtained and the corresponding multilayer mirrors were fabricated.
The random layer thickness variations can induce a great deformation of the experimental reflection of broadband extreme ultraviolet multilayer. In order to reduce this influence of random layer thickness fluctuations, the multiobjective genetic algorithm has been improved and used in the robust design of multilayer with a broad angular bandpass. The robust multilayer with a lower sensitivity to random thickness errors have been obtained and the corresponding multilayer mirrors were fabricated.
The experimental results of robust Mo/Si multilayer with a wide angular band were presented and analyzed, and the advantage of robust multilayer design was demonstrated.
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I. INTRODUCTION
Due to the great improvement of extreme ultraviolet (EUV) lithography for the semiconductor industry, these reseraches of EUV multilayers or multialyer interference coatings attract many attention [1] [2] [3] . According to the Bragg condition, the EUV multilayers have a periodic layer structure, and the thickness of each layer is a few nanometers. Due to the inherently limitation induced by the saturated number of bilayers, the periodic multilayers only can supply the high reflectivity in the narrow incidence range at a specific wavelength [4] [5] [6] . Therefore, the applications of periodic multilayers are limited for optical systems such as EUV lithography 7 , astronomy telescope 8 , and soft X-ray microscopy, especially for the optical system with a high numerical aperture (NA) 3, 7 . In order to increase the bandwidth of reflection peak, the multilayer design has been changed from the periodic multilayer structure to the aperiodic layer arrangement [5] [6] [7] [8] .
In the design of aperiodic multilayers with a wide bandwidth of incidence angle, several approaches in theory have been demostrated. The optimized apriodic multilayer structures can be obtained by these approaches, which are based on numerical optimization 9-11 or a combination of analytical designing and numerical optimization 12, 13 . In these optimizations, the thicknesses of the layers have been considered as a set of independent variavles, and the solution is a set of optimized layer thicknesses which can provide a distinct minimum of the merit function. In this scheme, this calculated merit function is the deviation of the calculated reflectivity profile from the aimed one, and it is not very difficult to obtain a desirable layer thickness distribution. However, the theoretical simulations and experimetal results demonstrated that the natural interlayers and thickness errors can induce a great deformation of the reflectivy curve 7 . In order to keep the structure of interlayers the same over the whole multilayer, a design procedure which constrains the layer thickness variation has been given, and the desinged thickness variation does not exceed 0.39nm 14 . Keeping the layer thickness in a small range, it is a good assumption to use the same properties for interlayer in the whole multilayer stack, but the influence of random thickness flunction was not considered. With the purpose of considering the random thickness errors in the process of broadband multilayer design, the multiobjective evlutionary algorithm 15 has been applied in the designing process, and the robust multilayer designs have been obtained theoretically 16 .
In this paper, the robust design method of broadband EUV multilayer has been improved 
II. ROBUST MULTILAYER DESIGN ACCORDING TO CONTROL PRECISION OF LAYER THICKNESS
In a realistic Mo/Si multilayer system, the reflectivity is sensitive to the imperfections of interface 17 , the interlayers 18 and the oxidation of top layer 7 , and then all these effects have been considered in our simulations. Because the thicknesses of Mo and Si layers are contrained in a small range, it is a good assumption that these two interlayers have the same chemical composition and layer thicknesses over the whole stack. Therefore, the structure of The details of theoretical calculations of the reflectivity of non-periodic multilayer system have been demonstrated 16 , and these two merit functions of multilayer design can be given by 16, 20 
where R(θ) and R 0 are the calculated and aimed reflectivities of designed multilayers, respectively. The first merit function f 1 characterizes the root-mean-square deviation of calculated reflectivity profile from the desired one. In the first merit function, θ is the incidence angle, and the constant reflectivity R 0 is 52% in the range of incidence angle [0 at a wavelength of 13.5nm, and here the S polarized radiation is considered. The inset shows the nondominated solutions for the 5000th generation, and these two boundary solutions in the nondominated front are named as "Robust Design 1" and "Robust Design 2", respectively. In the theoretical calculations, the random thickness error of Mo or Si layer has a normal distribution and the standard deviation of 0.15nm.
the designed aim is to optimize the layer thicknesses of Mo and Si layers to simultaneously minimize these two merit functions, and a multiobjective evolutioary algorithm has been applied in the optimized process 16 .
In the experiment, the designed aperiodic Mo/Si multilayer was deposited on a polished means the control precision of the layer thickness. In order to obtain a multilayer design which consists of layer thicknesses controlled in a high precision, only a series of discrete thicknesses is accepted in the optimization based on multiobjective evolutioary algorithm.
Due to the strong searching ability of this algorithm, one can obtain the required multilayer designs with an acceptable reflected profile.
Considering the control precisions of layer thicknesses, for simplicity and without loss generality, both the thickness errors of Mo and Si layers are assumed to have a normal distribution and a standard deviation of 0.15nm. In Fig. 1 , the nondominated solutions for designed Mo/Si multilayers with a wide angular bandpass are presented, and all the individuals local at the first nondominated front after 3000 generations. The inset of Fig. 1 demonstrates the nondominated solutions of the 5000th generation, it is revealed that the relation between the reflection and robust performances of multilayer design is restrictive.
Furthermore, the solutions with best reflectivity profile and lowest sensitivity to random layer thickness errors are defined as "Robust Design 1" and "Robust Design 2", respectively.
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The theoretical reflectivity plateaus of multilayer designs of Robust Design 1 and Robust Design 2 are demonstrated in Fig. 2 , and here the random thickness fluctuations are not considered. After an investigation of Fig. 2 , it is found that the reflectivity profile of Robust Design 1 is very close to the design target, while the reflectivity curve of Robust Design 2 has much more fluctuations. In order to analyse the influence of random layer thickness errors on the reflectivity plateau, the mathematical expectation of the reflectivityR(θ) should be analyzed, and it can be calculated by 16 ,22
In the inset of Fig. 2 , the mathematical expectation reflectivity profiles of robust multilayer designs have been shown. It is presented that mathematical expectation of reflectivity curve of Robust Design 2 is higher than that of Robust Design 1, and it means that one has a higher probability to obtain a higher reflectivity plateau in experiments, if the multilayer design of Robust Design 2 is used. These results deonstrate that the reflectivity profile of multilayer design with a smaller value of the second merit function in Eq. (1) could be more stable than that of other multilayer designs. It is worthwhile to point out that the all the parameters used in our calculations are from the experiments, and these results demonstrate the strong adaptability of multiobjective evolutioanry algorithm in the multilayer design.
III. EXPERIMENTAL RESULTS AND ANALYSES
The measured reflectivity profiles of broadband EUV mirrors based on designed thickness distributions of Robust Design 1 and Robust Design 2 are demonstrated in Fig. 3 , and these reflectivities were measured by the reflectometer at National Synchrotron Radiation Laboratory in Hefei, China. An investigation of Fig. 3 shows that the measured reflectivity curves have deformations compared with the designed results given in Fig. 2 , no matter which multilayer design has been used. However, the measured reflectivity which varies between 45% and 55% in the [0
• ] range of angle of incidence has been obtained. Comparing these two experimental results, it is found that at the small incidence angle, the observed reflectivity based on the multilayer design of Robust Design 2 is higher than that of Robust Therefore, the changed regions of layer thicknesses of Mo and Si layers are all very small, and it is a good approximation that the interfacial roughness and natural interlayers are fixed over the whole stack 18, 23 . Hence, the deformations of measured reflectivity plateaus in Fig. 3 should be mainly induced by the random layer thickness errors arising during the deposition. In order to confirm this understanding, the experimental reflectivity curves are fitted by allowing the random thickness fluctuations in the controlling precision, and the fitting results are given in Fig. 3 . An investigation of Fig. 3 demonstrates that the fitting results are well coincided with the experimental results. Although the thickness distribution obtained by fitting method should not be unique, but the good fitting results can allow us to make the conclusion that the deformation of the reflectivity curve is induced by the random layer thickness deviations.
The designed and fitted layer thickness distributions of Robust Design 1 and Robust Design 2 are shown in Fig. 4(a) and Fig. 4(b) , respectively, and one can found the random differences between the designed and fitted layer thicknesses. It is also found that the random thickness flunctions in Fig. 4(b) are larger than that in Fig. 4(a) , but the corrsponding reflectivity plateau of Robust Design 2 in Fig. 3(b) is analogous to that of Robust Design 1 in Fig. 3(a) . This result can be understood that the thickness distribution of Robust Design 2 has a more stability of the reflectivity plateau with respect to random layer thickness fluctuations. Therefore, the advantage of robust multilayer design based on multiobjective evolutionary algorithm has been demonstrated in the experiments, and our scheme can be useful in reducing the production risks of EUV mirrors which are high cost. In this research, we only focused on the reflectivity profile and the sensitivity to random thickness flunctions of Mo/Si multilayer, while the future improvement of the designing procedure can be the development of multiobjective evolutionary algorithm to simultaneously optimize the reflectivity profile, robust peformance and relative dispersion 7, 14 . Moreover, our method can also be extended to design and fabricate the robust multilayers for hard X-rays 24 .
IV. CONCLUSION
The designing procedure of broadband Mo/Si multilayer based on multiobjective evolutioary algorithm is improved, and the robust multilayer structures which adapt the coating system's control precision of layer thickness are obtained. The designed EUV multilayers are fabricated and charaterized, and these analyses demonstrate the adavantages of robust multilayer design for broadband EUV multilayer mirror. Furthermore, this procedure can also be used in the robust design of suppermirrors in the X-ray range.
